Acrosomal exocytosis in mammalian sperm is a regulated secretion with unusual characteristics. One of its most striking features is the loss of the outer acrosomal membrane and the overlying plasma membrane as hybrid vesicles. We have reported previously in human sperm that by preventing the release of calcium from the acrosome, the exocytic process can be arrested at a stage where SNARE proteins are assembled in loose trans complexes. Transmission electron micrographs of sperm at this stage showed that the acrosomes were profusely swollen, with deep invaginations of the outer acrosomal membrane. The protruding edges of these invaginations were tightly apposed (i.e., docked) to the plasma membrane. Docking was prevented when streptolysin O-permeabilized sperm were stimulated in the presence of tetanus toxin or botulinum neurotoxin C, two SNARE-specific proteases. We propose that SNAREs present in the plasma membrane interact with SNAREs in the protruding edge of cup-shaped invaginations of the outer acrosomal membrane to form trans complexes. Fusion pore opening and expansion in this ring of apposed membranes would generate the hybrid vesicles that are released during the acrosome reaction.
INTRODUCTION
The acrosome reaction is an exocytic event essential for fertilization. As for other exocytosis events, the plasma membrane and granule membrane must fuse to release the acrosomal contents. However, acrosomal exocytosis is special in several aspects. In mammals, the acrosome is a very large and flat granule covering the nucleus. The membrane facing the plasma membrane is called the outer acrosomal membrane and, upon stimulation, multiple fusion pores form, connecting the interior of the acrosome with the extracellular medium. By an as yet not well-characterized process, these fusion pores expand, causing the fenestration of both membranes and the release of hybrid vesicles composed of patches of plasma membrane and outer acrosomal membrane. As exocytosis progresses, these membranes as well as the acrosomal contents are lost, and the inner acrosomal membrane becomes the limiting membrane of the cell. The detailed characterization of this process by electron microscopy has been reported in several species [1] [2] [3] [4] [5] . A commonly reported observation is the swelling of the acrosome before fusion and the appearance of vesicles inside the acrosome. However, the mechanism by which acrosomal swelling and membrane fenestration lead to the formation of hybrid vesicles is not completely understood.
The molecular mechanism participating in the membrane fusion process necessary for acrosomal exocytosis has been studied intensively by us and by other laboratories (see references in Mayorga et al. [6] and Tomes [7] ). Fusion between the outer acrosomal and plasma membranes shares a common molecular mechanism with other calcium-dependent exocytoses reported in different cell types. Acrosomal exocytosis requires, among others, the following factors involved in regulated secretion: neurotoxin-sensitive SNAREs [6] [7] [8] , RAB3A [9] [10] [11] [12] , complexin [13, 14] , and synaptotagmin [14] [15] [16] [17] . According to several pieces of evidence, most of them obtained in permeabilized cells, we have proposed that in resting sperm, SNAREs are assembled in inactive cis complexes (i.e., complexes where all SNAREs are in the same membrane). Upon stimulation, Ca 2þ coming from the extracellular medium triggers RAB3A activation and SNARE complex disassembly. Free SNAREs are now able to reassemble in trans (i.e., SNAREs in the plasma membrane interacting with SNAREs in the outer acrosomal membrane), a process that synaptotagmin and complexin may facilitate. The process is arrested at a step when SNAREs are assembled in trans complexes resistant to tetanus toxin (TeTx) but sensitive to botulinum neurotoxin B (BoNT/B), until a local increase of Ca 2þ coming from the acrosome through inositol 1,4,5-trisphosphate (IP 3 )-sensitive calcium channels activates the synaptotagmin-dependent relief of the complexin block, and the acrosomal exocytosis is completed [14, 18, 19] .
A strong implication from this model is that if sperm are stimulated under conditions where the release of calcium from inside the acrosome is prevented, the process should be arrested at a stage where trans-SNARE complexes have been assembled already. These complexes should hold the lipid bilayers at distances shorter than 8 nm [20] . Our initial aim was to search for close membrane appositions between the outer acrosomal membrane and the plasma membrane in sperm stimulated in the presence of IP 3 -sensitive calcium channel blockers. In other cells, exocytic granules attached to the plasma membrane are considered ''docked'' [21] . The molecular factors involved in docking are still not well characterized. A limiting factor for these studies is that in cells undergoing multiple rounds of exocytosis, changes in the number of vesicles in the electron micrographs may have different causes, such as an increase of spontaneous release that will deplete the pool of docked vesicles. Hence, we took advantage of the fact that the sperm have a single granule and that the secretory process can be stopped at a stage where the outer acrosomal membrane and the plasma membrane are in close apposition to study the effect of several proteins in membrane docking.
We observed striking images of membrane attachment at the edge of outer acrosomal membrane invaginations present in swollen acrosomes. The edge of these invaginations was docked to the plasma membrane in a SNARE-dependent manner. We propose that membrane fusion and pore expansion in this ring of apposed membranes generate the hybrid vesicles that are released during the acrosome reaction.
MATERIALS AND METHODS

Reagents
Xestospongin C, 2-aminoethoxydiphenylborate (2APB), acetone, and butan-1-ol were from Calbiochem (Merck Química Argentina SAIC, Buenos Aires, Argentina). BAPTA-AM was from Molecular Probes (Invitrogen, Buenos Aires, Argentina). Glutathione-Sepharose 4B was from Amersham (GE Healthcare Life Sciences, Buenos Aires, Argentina). Progesterone, low-melting point agarose, and tannic acid were from Sigma (Sigma-Aldrich, Buenos Aires, Argentina). A23187 was from Alomone (Alomone Labs, Jerusalem, Israel), and isopropyl-b-D-thiogalactopyranoside (IPTG) and albumin were from ICN (Eurolab S.A., Buenos Aires, Argentina). U73122 was from Biomol Research Laboratories (Plymouth, PA). Recombinant streptolysin O (SLO) was obtained from Dr. Bhakdi (University of Mainz, Mainz, Germany). Thrombin was from MP Biomedicals (EuroLab). All electron microscopy supplies were from Pelco (Ted Pella Inc.).
Intact and Permeabilized Spermatozoa
Human semen samples were obtained from a set of six healthy donors (age range, 25-35 yr). The signed informed consent and the protocol for semen handling were approved by the Ethics Committee of the Universidad Nacional de Cuyo Medical School. Samples were provided by masturbation after at least 2 days of abstinence. Semen was allowed to liquefy for 30-60 min at 378C. Highly motile sperm were recovered by swim-up separation for 1 h in human tubal fluid medium (HTF; 5.94 g/L NaCl, 0.35
.036 g/L Na pyruvate, 2.39 g/L Na lactate, 0.06 g/L penicillin, 0.05 g/L streptomycin, and 0.01 g/L phenol red, and supplemented with 1 mg/ml human serum albumin) at 378C in an atmosphere of 5% CO 2 , 95% air. The pH was maintained within the 7.2-7.4 range. After swim-up, sperm concentration was adjusted to 10 3 10 6 /ml, and the cells were incubated for at least 2 h under conditions that support capacitation (HTF; 378C; 5% CO 2 , 95% air). When acrosome reaction was assessed in this sperm population by fluorescein isothiocyanate (FITC)-Pisum sativum lectin binding [9] , it averaged 11.4% 6 0.8% under resting conditions and 28.7% 6 1.4% upon stimulation with 10 lM A23187 (mean 6 SEM, n ¼ 19). In some experiments, spermatozoa were used without further treatment (nonpermeabilized); in these cases, cells were washed in warm PBS and resuspended in warm PBS-Ca 2þ (10 mM Na 2 HPO 4 , 136 mM NaCl, 2.68 mM KCl, 1.46 mM KH 2 PO 4 , and 2 mM CaCl 2, pH 7.4). In other experiments (see Figures 6 and 7 ), sperm were permeabilized as described previously [22] . Briefly, washed spermatozoa were resuspended in cold PBS containing 0.4-1 U/ml SLO for 15 min at 48C. Cells were washed once with PBS and resuspended in ice-cold sucrose buffer (250 mM sucrose, 0.5 mM ethylene glycol tetraacetic acid, and 20 mM Hepes-K, pH 7) containing 2 mM dithiothreitol (DTT). When indicated, sperm (permeabilized or nonpermeabilized) were preincubated with inhibitors for 15 min at 378C. Then, the stimulants were added to the sperm suspensions, and the incubation proceeded at 378C for an additional 15 min. Finally, 1.6 mM tannic acid was added, and after 5 min, the sperm suspension was fixed in 2.5% glutaraldehyde overnight at 48C in PBS-Ca 2þ . To account for the natural variability among semen samples, a negative control (not stimulated) and a positive control (stimulated in the presence of an inhibitor of the acrosome reaction-2APB in most cases) were included in all experiments. Hence, swelling under the different conditions tested was always compared with controls run in parallel.
Transmission Electron Microscopy
Fixed sperm samples were embedded in 1.5% low-melting point agarose, postfixed in 1% osmium tetroxide in PBS, pH 7.4, for 2 h, washed three times in PBS, and dehydrated in an increasing concentration series of acetone on ice. Cells were infiltrated in 1:1 acetone:EPON for 2 h at room temperature and finally embedded in fresh resin. Thin sections (60-80 nm) were cut with a diamond knife (Diatome, Washington, DC) on a Leica Ultracut R ultramicrotome and collected on 200-mesh copper grids. Thin sections were stained with saturated uranyl acetate in methanol and lead citrate and were observed and photographed with a Zeiss EM 902 at 50 kV. Images corresponding to supplemental Figure S1 (available online at www. biolreprod.org) were prepared according to the Tokuyasu technique [23] . Gelatin-embedded samples were infiltrated overnight in 2.3 M sucrose in PBS and frozen in liquid nitrogen. Cryosections were prepared, and grids were thinly embedded in aqueous 2% methylcellulose/3% uranyl acetate (9:1 mixture). Grids were observed and photographed with a Zeiss EM 902 at 50 kV.
Recombinant Proteins
Plasmids encoding the light chain of BoNT/C and TeTx in pQE3 (Qiagen) were generously provided by T. Binz (Medizinische Hochschule Hannover, Hannover, Germany). They were transformed into Escherichia coli XL1-Blue (Stratagene, La Jolla, CA). Purification of recombinant proteins was accomplished according to The QIAexpressionist (Qiagen, www.qiagen. com). The plasmid encoding the C2B domain (residues 361-511) of rat synaptotagmin VI fused to GST was kindly provided by T. Sudhof (Southwestern Medical Center, Dallas, TX). It was transformed in E. coli BL21 (DE3) cells (Stratagene). The cDNA encoding human complexin II fused to GST was kindly provided by B. Davletov (Medical Research Council Laboratory of Molecular Biology, Cambridge, U.K.). It was transformed into E. coli BL21 (Stratagene). The plasmid encoding GDI1 was a kind gift from Y. Takai (Osaka University, Osaka, Japan). It was transformed into E. coli strain XL1-Blue. Recombinant GST fusion proteins were purified by affinity chromatography on Glutathione Sepharose beads (Amersham Biosciences) following standard procedures. Protein expression was induced overnight at 208C with 0.2 mM IPTG. Synaptotagmin VI domain was further purified by gel filtration on Superdex-S75 (Amersham) in 20 mM Hepes, pH 7.0; 1 mM DTT; and 150 mM NaCl. The GST moiety was removed from complexin II and C2B domains by cleavage with thrombin (0.25 mg/ml resin) in 50 mM Tris-HCl, pH 8.0; 150 mM NaCl; and 2.5 mM CaCl 2 during 3 h at 258C.
Random Walk Model for Membrane Docking
To model the experimentally observed membrane distance distribution in docking areas, we assumed that the outer acrosomal membrane can move freely after swelling. If the movement occurs by random (between 0 and a defined step size, backward or forward) and independent (each new step independent of the previous one) steps, the process can be modeled as a unidimensional random walk. A simulation with these characteristics was programmed as a macro in Microsoft Office Excel 2003 (Microsoft). Starting at an initial distance from the plasma membrane, the outer acrosomal membrane was allowed to move by random steps, increasing or decreasing the distance between the membranes. If, by chance, the membranes were located at less than a minimal distance, a docking between the two membranes was possible. When docking occurred, no further movements of the outer acrosomal membrane were allowed. The parameters of the model were: initial distance, step size, step number, minimal distance, and docking probability. The same parameter set, except docking probability, was always used. A total of 10 000 random walks were run, and the final distances between the two membranes were grouped and plotted as histograms. The parameter values (initial distance, 18 nm; step size, 1.6 nm; step number, 400; minimal distance, 12 nm) were selected to minimize the squared difference between observed distance frequency and modeled distance frequency (SS). Docking probability was the only parameter that was independently adjusted to minimize SS under each condition.
RESULTS
Morphological Changes of the Acrosomal Granule in Early Stages of the Exocytic Process
The acrosome reaction involves prominent rearrangement of membranes in the sperm head. We decided to analyze the morphological changes occurring when sperm are stimulated but exocytosis is blocked at a stage where calcium must be MECHANISM OF ACROSOME VESICULATION released from intracellular calcium stores, most likely from the acrosomal lumen. For these experiments, IP 3 -sensitive calcium channels were inhibited either with 2APB or with xestospongin C, and acrosomal exocytosis was initiated with the calcium ionophore A23187. 2APB can also inhibit store-operated calcium channels in the plasma membrane [24] ; however, because we stimulated with A23187, any effect on exocytosis cannot be ascribed to blocking calcium channels in this membrane.
In resting sperm, most of the cells presented an acrosome with an electron-dense content and a flat outer acrosomal membrane proximal and parallel to the plasma membrane ( Fig.  1 , A and E). A small percentage of sperm reacted spontaneously and lacked the acrosome; in these cells, the inner acrosomal membrane was exposed (Fig. 1, D and J). After stimulation with the calcium ionophore in the presence of 2APB, a relatively large percentage of sperm did not show any change in morphology. This percentage was variable and may correspond to the same population of cells that do not exocytose upon stimulation with A23187 in the absence of 2APB (about 70%; see Materials and Methods). The rest of the sperm showed morphologically altered acrosomes. Two characteristics were common to most of the responding cells: the morphology of the equatorial region of the acrosome resembled that observed in nonstimulated cells (Fig. 1, A-D) , and there was a decrease in the electron density of the acrosomal content (compare Fig. 1 , A and B, and E and F). Some acrosomes underwent a simple swelling; the acrosome maintained its resting morphology, but the distance between the inner and the outer acrosomal membranes increased (Fig.  1F ). However, in many cells, the outer acrosomal membrane was not flat and showed a waving surface (Fig. 1, G 
and H).
The protrusions of this membrane occasionally contacted the plasma membrane, and some invaginations were surprisingly FIG. 1. Morphological changes during human sperm acrosomal exocytosis induced by A23187 in the presence of 2APB. Sperm incubated under capacitating conditions were stimulated with 10 lM A23187 in the presence of 200 lM 2APB. After 5 min of incubation, 1.6 mM tannic acid was added, and the reaction proceeded for 5 additional min. The reaction was stopped with 2.5% glutaraldehyde. Samples were dehydrated, and plastic-embedded sections were stained with uranyl acetate and lead citrate and observed with a Zeiss 900 electron microscope. Electronmicrographs in A-D illustrate different stages of the acrosome reaction. a, acrosome; n, nucleus; es, equatorial segment; hv, hybrid vesicle. A) Intact (unreacted) sperm. B) A sperm with a swollen acrosome. C) A sperm with a vesiculated acrosome. D) A sperm that has completed the acrosome reaction. Notice that the equatorial segment remains unaltered during the acrosome reaction. At the end of the reaction, a continuity between the plasma membrane and the outer acrosomal membrane is established (arrow in D), and the inner acrosomal membrane becomes part of the limiting membrane of the cell (D). Images in E and F illustrate in greater detail changes in sperm head membranes during the acrosome reaction. pm, plasma membrane; ou, outer acrosomal membrane; in, inner acrosomal membrane; ne, nuclear envelope. E) A typical membrane arrangement in a nonreacting sperm. F) A swollen acrosome with a smooth outer acrosomal membrane. G) A swollen acrosome with a waving outer acrosomal membrane. H) A swollen and waving acrosome with an intraacrosomal vesicle (av). I) A vesiculated acrosome showing abundant hybrid vesicles (hv). J) A reacted sperm where the only membranes remaining are the inner acrosomal membrane (in) and the nuclear envelope (ne). Bars ¼ 500 nm (A-D) and 100 nm (E-J).
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ZANETTI AND MAYORGA deep (Fig. 1, G and H) . A group of cells showed very distinct vesicles inside the acrosome (Fig. 1, B and H) . Finally, a small group of cells showed vesiculated acrosomes, indicating that they had been able to overcome the effect of 2APB and underwent membrane fusion (Fig. 1, C and I) .
A quantification of the acrosome categories in resting and stimulated sperm is shown in Figure 2A . The number of sperm with undisturbed acrosomes decreased significantly upon stimulation; however, as mentioned before, the number of nonresponding cells was high (about 60% of the sperm in the presence of A23187 had acrosomes with a morphology similar to that shown in Fig. 1A ). Notice that sperm with swollen acrosomes (all categories) were also observed in nonstimulated cells; however, the percentage strongly increased upon stimulation. Most of the responding cells showed a waving outer acrosomal membrane (median, 90%; range, 54%-100%), and a significant percentage also presented intra-acrosomal vesicles (median, 21%; range, 15%-42%). As expected, 2APB efficiently inhibited exocytosis, because the percentage of reacted and vesiculated sperm was low and alike in stimulated and nonstimulated sperm. Similar results were observed when xestospongin C, another IP 3 -sensitive calcium channel inhibitor, was substituted for 2APB (Fig. 2B ). In conclusion, when sperm are stimulated in the presence of inhibitors of the IP 3 -sensitive calcium channels, the acrosome morphology undergoes a dramatic swelling in a restricted population of cells.
Morphological Steps of Hybrid Vesicle Formation
Acrosomal swelling causes important changes in the distances between membranes present in the sperm head. In resting sperm, the acrosome was, on average, 65 nm wide, and the distance between the outer acrosomal and plasma membranes was about 18 nm (Fig. 3) . Upon swelling, the width increased to 96 nm, and the separation between the acrosome and the plasma membrane slightly decreased. However, in the waving regions of the outer acrosomal membrane, the protrusions almost contacted the plasma membrane (average, 7 nm), whereas the invaginated areas moved away from the plasma membrane (average, 38 nm; Fig.  3 ).
According to our previous results, stimulation in the presence of IP 3 -sensitive calcium channel inhibitors (such as 2APB or xestospongin C) arrests acrosomal exocytosis when loose trans-SNARE complexes have already formed [18] . This means that the two membranes that are going to fuse should be in close apposition. We found this particular membrane layout in limited sectors of the acrosomal region, where the combination of acrosomal swelling and outer acrosomal membrane waving forced the contact of this membrane with the plasma membrane. The waving formed also deep cupshaped invaginations (Fig. 1, G and H) . We envision that the contact between the two membranes at the protruding edge of these invaginations would form a circle, and that opening and expansion of fusion pores in this circle would lead to the   FIG. 2 . Quantification of acrosome morphological categories in resting and stimulated sperm in the presence of IP 3 -sensitive calcium channel inhibitors. Sperm stimulated with 10 lM A23187 in the presence of 200 lM 2APB (A) or 2 lM xestospongin C (Xc; B) were processed as explained in Figure 1 . Sperm were classified as intact, swollen, swollen and waving, swollen/ waving with intra-acrosomal vesicles, vesiculated, or reacted (as illustrated in Fig. 1 , E-J) in resting and stimulated conditions. About 1000 sperm (from 10 independent experiments) and 200 sperm (from two independent experiments) were counted for A and B, respectively. Bars represent the mean 6 SEM (n ¼ 10) in A and mean and range (n ¼ 2) in B.
FIG. 3. Distances between membranes
and vesicle sizes in stimulated sperm in the presence of 2APB. Representation of the distances measured and average values is given (drawing is not to scale). Table shows the distances between the outer acrosomal membrane and the plasma membrane (oupm) and between the outer acrosomal membrane and the inner acrosomal membrane (ou-in) in resting and swollen sperm. Values are mean (range) and median from number of sperm analyzed (N).
release of a hybrid vesicle formed by a patch of the plasma membrane and the invagination of the outer acrosomal membrane (Fig. 3) . A micrograph gallery illustrating different stages of this process is shown in Figure 4 . Micrographs in Figure 4 , A-C, illustrate the initial acrosomal swelling. In Figure 4 , D, F, and G, invaginations of the outer acrosomal membrane contribute to the formation of the limiting surface of future hybrid vesicles. Intra-acrosomal vesicles are evident in several micrographs (Fig. 4, F-H) , which may represent deep invaginations of the outer acrosomal membrane, whose connections with the outer membrane were not included in the thin section analyzed. Alternatively, they may be intraacrosomal vesicles pinched off from the outer acrosomal membrane. According to our model, the deeper the invagination, the higher the percentage of acrosomal membrane that will have the hybrid vesicle formed. If intra-acrosomal vesicles have completed their pinching-off process, they will lack plasma membrane in their composition (Fig. 3) . Notice the close apposition between the plasma and the outer acrosomal membranes at the edge of the invaginations (Fig. 4, E-J) . We postulate that loose SNARE complexes have already assembled in these areas, and a calcium efflux from the acrosome is awaited to open fusion pores. Because this step is inhibited, the membrane apposition, which is probably a very transient stage, is maintained and likely expanded (notice the large areas with apposition in Fig. 4, I and J). In some micrographs, both bilayers of the two tightly apposed membranes are observed clearly (Fig. 4, H-J, arrows) . However, in some patches, only one membrane is distinguished separating the acrosomal content from the extracellular space (Fig. 4 , K and L, arrowheads). Whether these correspond to images of hemifusion among the plasma and outer acrosomal membranes or simply to two intimately apposed membranes remains to be determined. In the images in Figure 4 , M and N, this limiting membrane could no longer be seen, and hybrid vesicles are released. When the acrosomal content had diffused, typical hybrid vesicles with a more homogeneous appearance of the limiting membrane are observed (Fig. 4, O and P) . Notice that the equatorial segment remained unaltered during the vesiculation process (Fig. 4P, arrow) .
Similar images were observed when samples were analyzed in cryosections using the Tokuyasu method (Supplemental Fig.  S1 ), indicating that the reported findings are not an artifact of the plastic-embedding process [23] .
To assess whether hybrid vesicles could be originated by pore opening at the protruding edge of cup-shaped invaginations, the sizes of both structures were compared. The hybrid vesicle diameter and the ''interapposition'' distance (Fig. 3) were measured in ''vesiculated'' and ''swollen and waving'' acrosomes, respectively. The diameter of intra-acrosomal Notice the close apposition between the plasma and the outer acrosomal membranes at the edge of the invaginations (E-J). Intra-acrosomal vesicles are evident in several micrographs (F-H). In some micrographs, the two tightly apposed membranes are clearly observed (arrows in H-J). However, in some patches, only one membrane is distinguished separating the acrosomal content from the extracellular space (arrowheads in K and L). M and N) The membranes at the edge of invaginations vanish, and hybrid vesicles are released. Vesiculated acrosomes are shown in O and P. The equatorial segment remains unaltered during the vesiculation process (arrow in P). pm, plasma membrane; ou, outer acrosomal membrane; in, inner acrosomal membrane; ne, nuclear envelope; av, intra-acrosomal vesicles; hv, hybrid vesicle. Bars ¼ 100 nm (A-N, P) and 500 nm (O).
vesicles was also measured. The results indicate that the hybrid vesicle diameter (mean, 119 nm; range, 15-360 nm; n ¼ 50) and interapposition distances (mean, 130 nm; range, 18-420 nm; n ¼ 50) were similar (nonsignificant differences using the Kolmogorov-Smirnov test for distributions and the SteelDwass test for medians). On the contrary, intra-acrosomal vesicles were significantly smaller (mean diameter, 75 nm; range, 18-160 nm; n ¼ 30; P , 0.01, same tests).
In conclusion, we propose that acrosomal swelling and the contact of the plasma membrane with the protruding edges of cup-shaped invaginations in the outer acrosomal membrane are part of the mechanism of acrosomal vesiculation that is a distinctive characteristic of the acrosomal reaction in human sperm.
Swelling in the Presence of Several Acrosomal Exocytosis Inhibitors
In the previous experiments, 2APB and xestospongin C were used to prevent exocytosis and detect swelling, a condition that we speculate is a transient stage in human acrosomal exocytosis. However, we could not rule out that these IP 3 -sensitive channel inhibitors may be responsible for the deformation of the acrosome. We then used other inhibitors to arrest the reaction after stimulation with A23187. As shown in Figure 5 , swelling was observed when exocytosis was inhibited with reagents blocking exocytosis by completely different mechanisms, such as butanol (a phospholipase D inhibitor; C. Lopez et al., unpublished results; and Domino et al. [25] ) and U73122 (a phospholipse C inhibitor; C. Lopez et al., unpublished results; and Roldan and Harrison [26] ). BAPTA-AM, a membrane-permeant calcium chelator that at the concentrations used depletes intra-acrosomal calcium [9, 27] , also permitted swelling in the presence of A23187. All of these reagents block acrosomal exocytosis as assessed by FITC-P. sativum lectin binding. The concentrations used were taken from the literature (0.5% for butanol [28] ) or from doseresponse curves run in the laboratory (effective dose, 50% [ED 50 ], 7 lM for BAPTA-AM and 3 lM for U73122; Lopez et al. [9] and T. Branham et al., personal communication). In conclusion, results with several inhibitors indicate that swelling is a required transient stage for the acrosome reaction that is not affected by late-acting inhibitors.
Acrosomal Swelling in Permeabilized Sperm and in the Presence of Specific Inhibitors of the Membrane Fusion Machinery
We have characterized several steps of acrosomal exocytosis using SLO-permeabilized sperm. In these cells, all gradients across the plasma membrane have collapsed. However, permeabilized sperm are still capable of undergoing exocytosis. We wondered whether swelling would also be observed under these conditions. As shown in Figure 6A , SLO-permeabilized sperm also underwent swelling when incubated in the presence of 10 lM calcium and 2APB. The morphological changes were very similar to those described in nonpermeabilized cells. In SLO-treated sperm, we could also test the effect on swelling of proteins that affect the mechanism of membrane fusion. We tested GDIa, a protein that sequesters RAB3 from the membranes [22] , full-length complexin II, and the C2B domain of synaptotagmin VI (both alter the dynamics of SNARE complex assembly and disassembly [14] ), as well as the catalytic subunits of two neurotoxins affecting sperm SNARE proteins (BoNT/C, which cuts syntaxin 1, and TeTx, which inactivates VAMPs 1 and 2 [29] ). The concentrations used were taken from dose-response curves run in the laboratory (ED 50 , 30, 100, 150, and 30 nM for GDIa, complexin II, the C2B synaptotagmin VI domain, and neurotoxins, respectively; Roggero et al. [14, 30] , and Zanetti and Mayorga, unpublished results). We have reported previously that all of these proteins block acrosomal exocytosis in permeabilized sperm [6] ; in contrast, none of them altered swelling (Fig. 6B ). These observations indicate that acrosomal swelling does not require plasma membrane gradients and is independent of the membrane fusion machinery.
Requirements for Acrosomal Docking
In secretory cells, vesicles found at a short distance from the plasma membrane are defined as docked [21] . Vesicle docking is supposed to represent an important stage in the membrane fusion process. The few factors that have been proposed to participate in docking are part of the membrane fusion machinery [21] . Images in Figure 4 show large areas of apposition between the outer acrosomal and the plasma membranes. We postulate that membrane apposition during acrosomal exocytosis is equivalent to vesicle docking. Proteins that disturb the membrane fusion machinery did not affect swelling (Fig. 6B) ; hence, we decided to assess whether these factors could alter membrane apposition. Of special interest to us was the effect of neurotoxins, because we have postulated that trans-SNARE complexes are assembled in the regions of membrane apposition. Therefore, the distance between outer acrosomal membrane protrusion and the plasma membrane was measured in permeabilized sperm stimulated with 10 lM calcium in the presence of 2APB, GDIa, complexin, the Figure 1 . At least 300 acrosomes coming from three different experiments were classified as intact (illustrated in Fig. 1E ), swollen (all categories, illustrated in Fig. 1, F-H MECHANISM OF ACROSOME VESICULATION synaptotagmin VI C2B domain, or the light chain of TeTx or BoNT/C. The distances were grouped and plotted as histograms (Fig. 7 ). An analysis of the plots shows that small distances (between 0 and 8 nm) were very frequent in the presence of GDIa, complexin, or the synaptotagmin VI C2B domain. They were less frequent but still abundant in the presence of 2APB. In contrast, both neurotoxins strongly diminished the population of membrane distances in the 0-to 8-nm range.
To test whether the changes in distance distribution observed could be explained by altering a single parameter representing the probability of membrane docking, a simple random walk process was modeled. According to this model, the outer acrosomal membrane can move randomly by discrete steps drawing closer or farther from the plasma membrane. When membranes are less than 12 nm apart, docking occurs with a probability that depends on the experimental conditions tested. The docking probabilities that better fit the data were: .10% for complexin, C2B domain, and GDIa; ;1% for 2APB; and ,0.1% for TeTx and BoNT/C (Fig. 7, triangles) . The results indicate that neurotoxin cleavage of VAMP or syntaxin eliminates the probability of membrane docking. They also suggest that membrane apposition is not prevented by adding complexin, the synaptotagmin VI C2B domain, or GDIa, and that a calcium released from intracellular stores, likely the acrosome, increases docking efficiency.
DISCUSSION
Acrosomal swelling during acrosome reaction has been described by several authors [1, 5, 31] . However, because it is a transient step that quickly evolves to vesiculation, the characterization of this process and its implications for acrosomal exocytosis has been difficult. By arresting exocytosis at a postswelling step, we dramatically increased the percentage of sperm with swollen acrosome. Hence, we had the opportunity of analyzing the process in detail. We propose that acrosomal swelling is part of the secretory process; moreover, we propose that deformations of the outer acrosomal membrane are on the bases of the formation of hybrid vesicles.
Different types of secretory granules swell during exocytosis [32] [33] [34] [35] [36] . There is still a controversy about which comes first, the swelling of the secretory granule that will increase intragranule pressure and contribute to the opening and/or expansion of the fusion pore, or the opening of the fusion pore that will allow extracellular water to enter into the granule and provoke swelling [37] . Our results are consistent with a prefusion swelling because it was observed under conditions that block exocytosis. Swelling was observed whenever intact or permeabilized sperm were stimulated, regardless of the inhibitor used to arrest exocytosis. These observations indicate that swelling is not related to some particular experimental condition and is part of the process leading to acrosomal exocytosis in human sperm. Acrosomal swelling has been Sperm were classified as intact, swollen, swollen and waving, swollen/waving with intra-acrosomal vesicles, vesiculated, or reacted (as illustrated in Fig. 1 , E-J) in resting and stimulated conditions. About 400 sperm (from four independent experiments) were counted for each condition. B) Resting sperm or sperm stimulated with 10 lM free Ca 2þ in the presence of 200 lM 2APB, 100 nM GDIa, 200 nM complexin (CPLX), 500 nM synaptotagmin VI C2B domain (C2B), 100 nM light chain of TeTx, or 100 nM light chain of BoNT/C. About 300 acrosomes coming from three different experiments were classified as intact (illustrated in Fig. 1E ), swollen (all categories, illustrated in Fig. 1, F-H 
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ZANETTI AND MAYORGA described in several other species [3, 4, 38] , suggesting that it is a common process in mammalian sperm secretion.
The presence of intra-acrosomal vesicles has been reported previously [39] [40] [41] . Initially, for some authors, acrosomal vesiculation represented the release of these vesicles upon dissolution of the outer acrosomal and plasma membranes [42, 43] . The evidence that the vesiculation represents the release of hybrid vesicles formed by patches of acrosomal and plasma membrane strongly favored the presently accepted mechanism, which postulates that the vesicles are formed by multiple fusions among these two membranes, followed by the expansion of the fusion pores [5] . The images in Figure 4 clearly support this last mechanism. However, they do not discard the possibility that during acrosomal vesiculation, intraacrosomal vesicles, totally formed by outer acrosomal membrane, may be released and contribute to the pool of vesicles resulting from this process.
The assembly of trans-SNARE complexes is at the root of the prevailing model for membrane fusion in most events of intracellular trafficking operating in all eukaryotic cells [44] . Substantial evidence is available about the properties of these complexes in solution and in the cis configuration (i.e., all SNAREs in the same membrane). However, the studies of trans complexes is difficult because they are transient, and in complex systems they are in small proportion compared with cis complexes. Most of what is known about these complexes comes from reconstitution in liposomes of recombinant proteins [45] , from in vitro studies of fusion among yeast vacuoles genetically manipulated to prevent the presence of cis complexes [46] , and from cell fusion expressing flipped SNAREs [47] . In this respect, acrosomal exocytosis is a privileged model to study these complexes. When sperm are activated under conditions where the calcium efflux from intracellular stores is inhibited, acrosomal exocytosis is blocked at a step where trans-SNARE complexes have already assembled. This conclusion is supported by functional and immunofluorescence results showing that at this stage, SNAREs become resistant to TeTx but remain sensitive to botulinum neurotoxins [18] . In addition, the system becomes resistant to the inhibitory effect of soluble SNAP25 [18] . The functional interaction of recombinant complexin with the C2B domain of synaptotagmin VI is also consistent with the hypothesis that SNAREs are assembled in trans complexes at this stage [14] . If trans complexes between SNAREs in the plasma membrane and the outer acrosomal membrane are formed, these two structures should be in close apposition. According to different estimates, the distance should be in the order of 5-8 nm [20, 48] . When this particular membrane arrangement was searched by electron microscopy, it was found at the edge of the invaginations of the outer acrosomal membrane. The physical interaction between secretory granules and the plasma membrane (morphological docking) has been described by electron microscopy in several cells [21] . The molecular mechanism by which these granules are attached to the plasma membrane is still poorly understood. Although SNAREs have been implicated in this process, FIG. 7 . Acrosomal docking in permeabilized sperm. The distance between the outer acrosomal membrane and the plasma membrane was measured at the edge of acrosomal invaginations (as illustrated in Fig. 3A) under the same experimental conditions described for Figure 6B for stimulated permeabilized sperm. Distances were measured only in images where the membrane unit was clearly distinguished (n ¼ 244 for 2APB, n ¼ 109 for GDIa [GDI] , n ¼ 165 for complexin [CPLX] , n ¼ 151 for the synaptotagmin C2B domain, n ¼ 243 for TeTx, and n ¼ 183 for BoNT/C). For each condition, images were taken in at least 35 cells coming from three independent experiments. The distance distributions are plotted as histograms, which were compared using the Kolmogorov-Smirnov test. Three significantly different (P , 0.01) distribution patterns were identified: one corresponding to the distance distribution in the presence of 2APB; one in the presence of GDIa, CPLX, or C2B; and one in the presence of TeTx or BoNT/C. Triangles represent the frequency obtained from 10 000 rounds of a random walk model. In each round, the outer acrosomal membrane was allowed to move by random steps in the range of À1.6 to 1.6 nm (400 steps) starting 18 nm from the plasma membrane. When membranes were at less than 12 nm, the probability of docking was 1% for 2APB; 10% for GDIa, CPLX, and C2B; and 0% for TeTx and BoNT/C. When docking occurred, no further movements of the outer acrosomal membrane were allowed.
experimental results are controversial [21] . Syntaxin-deficient cells present a strong reduction of docked synaptic vesicles in Caenorhabditis elegans neurons and mouse chromaffin cells [49] . In contrast, syntaxin deficiency does not affect docking profiles in Drosophila melanogaster [50] and cultured mouse hippocampal synapses [49] . Normal morphological docking has been reported in mice lacking VAMP2 and cellubrevin [51] .
As a way to assess acrosomal docking, we evaluated the frequency distribution of the distance between the outer acrosomal membrane and the plasma membrane. We found that BoNT/C (which inactivates toxin-sensitive syntaxins) strongly reduced the population of membranes separated by less than 8 nm. The same results were obtained with TeTx (which inactivates toxin-sensitive VAMPs). In summary, our results suggest that trans-SNARE complexes are important for acrosomal docking to the plasma membrane. Interestingly, 2APB diminished docking compared with the other conditions where SNAREs were not affected (i.e., in the presence of complexin, GDIa, or the C2B domain of synaptotagmin VI), suggesting that the release of intra-acrosomal calcium through IP 3 -sensitive channels may favor the process. Notice that permeabilized sperm were stimulated with 10 lM free calcium; however, this calcium may be removed quickly from or may not reach the almost virtual space between the outer acrosomal membrane and the plasma membrane [52] . Therefore, a local calcium efflux from the acrosome may be still necessary for docking stabilization. The three other conditions analyzed (docking in the presence of complexin, GDIa, or the synaptotagmin VI C2B domain) had similar distance distributions, with a large prevalence of distances ,8 nm. In sperm, complexin should favor the trans-SNARE complex assembly [14] ; therefore, tight docking would be expected. More difficult to explain are the results obtained with the last two proteins. RAB3A is necessary for an early step of acrosomal exocytosis [18] , and it has been implicated in docking in mouse diaphragm synapse [53] ; hence, GDIa, which sequesters RAB3, should negatively affect docking. However, during the relatively large incubation times used in our protocol, RAB3-dependent tethering of the membranes may be dispensable for SNARE-dependent docking. Notwithstanding this, hybrid vesicles were not released, indicating that the fusion machinery assembled in the absence of RAB3 is not fully functional. Finally, an excess of C2B prevents SNAREs from reaching a TeTx-resistant stage [14] ; however, docking was not affected. We speculate that an excess of the C2B domain may preclude the complexin-dependent stabilization of trans complexes; hence, SNAREs may keep cycling between heterotrimeric complexes and monomeric proteins. Under these conditions, docking would still be possible, but SNAREs would remain sensitive to neurotoxins.
The distance distributions observed were quite different. Hence, the experimental conditions could be altering different aspects of the swelling/docking process. However, all distributions were satisfactorily fitted by a simple random walk model where the only parameter that changed among the different conditions tested was the probability of docking. We conclude that acrosomal exocytosis is a useful model to analyze membrane docking and that SNARE proteins are part of the molecular machinery holding membranes in close apposition. More experiments will be necessary to understand the role of calcium, RAB3A, and synaptotagmin in this process.
The mechanism of hybrid vesicle formation that we propose for human sperm consists of the combination of acrosomal swelling, deep cup-shaped invaginations of the outer acrosomal membrane, tight attachment of the limiting rings of the invaginations to the plasma membrane, and opening and expansion of fusion pores in this area. A similar mechanism has been reported in yeast vacuole fusion [54] . In this system, the two vacuoles that are going to fuse form a flat region of interaction, and fusion occurs in the limiting ring of this area, a zone (named vertex) that is enriched in the fusion machinery. Membrane fusion along the ring causes the formation of hybrid vesicles that remain sequestered in the interior of the fused vacuoles. This suggests that a general mechanism of hybrid vesicle formation involves the interaction of the two fusing membranes at restricted areas enriched in SNARE proteins and related factors. In human sperm, these areas are determined by outer acrosomal membrane invaginations. In other species, where acrosomal vesiculation occurs with different patterns, other mechanisms should dictate the interacting areas where membrane fusion and pore expansion would release the hybrid vesicles characteristic of each acrosome reaction.
